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Abstract 
Kinetics of nano-catalysed dark fermentative biohydrogen production from molasses-based distillery wastewater has been 
reported. Iron oxide nanoparticle was supplemented (10-200 mgL-1) to the wastewater to enhance the biohydrogen production. 
Andrew’s inhibition model was employed to evaluate the rate of hydrogen production (RH2) and hydrogen yield at different 
concentration of iron oxide nanoparticles. The maximum RH2 and specific hydrogen yield (SHY) for the fermentative hydrogen 
production system at different concentration of iron oxide nanoparticle were found to be 80.7ml/hr and 44.28ml H2/g COD. 
Michaelis-Menton equation was applied to determine the rate of hydrogen production (RH2) and yield of H2 (SHY) at different 
initial pH (5, 6 & 7).  Andrew’s inhibition model has been used to describe the inhibitory effect of substrate concentration on the 
rate of H2 production (RH2). RH2 decreased with the increase in substrate concentration but SHY first decreased with substrate 
concentration and it is maximum at higher substrate concentration of 110 gL-1. Monod model has been used to determine the 
growth kinetic parameters. The values of maximum rates of microbial growth (μm) and substrate utilization (Rsu) were 0.1 g 
biomass/g biomass/day and 14.03 g COD/g biomass/day respectively at different iron oxide nanoparticles concentration. 
© 2014 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of Organizing Committee of ICAER 2013. 
Keywords:Kinetic analysis; Fermentative hydrogen production; Iron oxide nanoparticle; Rate of hydrogen production; Hydrogen yield 
1. Introduction 
Hydrogen (H2) holds much promise as a dream fuel of the future against the projection of the global energy crisis 
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since it is a clean energy source with high energy content (122 KJ/g) as compared to hydrocarbon fuels [1]. 
Biological methods offer distinct advantages for hydrogen production such as operation under mild conditions and 
specific conversions. However, raw material cost is one of the major limitations for bio-hydrogen production. 
Utilization of some carbohydrate rich, starch or cellulose containing solid wastes and/or some food industry 
wastewaters is an attractive approach for bio-hydrogen production [2].H2 production by dark fermentation is 
considered as a viable method due to its relative efficiency over other biological processes, operation at ambient 
temperature and pressure and feasibility in using different types of substrates including wastewater [3, 4]. More 
recently, wastewaters have attained a considerable attention due to the advantages such as high organic loading 
possibilities, low nutrient requirements and positive net energy gain providing dual environmental benefits in the 
direction of wastewater treatment along with sustainable bioenergy generation [5-10]. Major known drawbacks of 
dark fermentative biohydrogen production are the low yield of H2 and slow rate [11] as only one-third of the 
substrate can be used for hydrogen production, with the remaining two-thirds forming another fermentation product 
acetate, butyrate, butanol, acetone, etc [12].Hence it is necessary to do the work in the direction to improve the yield 
of H2 by increasing the conversion efficiency of substrate to hydrogen, to enhance the bioactivity of hydrogen-
producing microorganisms so that the hydrogen production rate will increase, and to make hydrogen production 
stable over a long time period.   Study of nanoparticle functions is gaining impetus because nanoscience and 
nanotechnology encompass a wide range of fields, including chemistry, physics, materials engineering, biology, 
catalysis, medicine, and electronics. Small quantities of many metals, including copper, magnesium, sodium, 
potassium, calcium, and iron are essential for proper functioning of biological systems[13].Important parameters 
such as yield, efficiency, release rates, and cost have all seen benefits from the application of nanoparticles [14].In 
the present study, we present a detailed kinetic study of the effect of iron oxide nanoparticle on hydrogen production 
as it is an important nutrient element for the synthesis of hydrogenase or other enzymes to produce 
biohydrogen[15,16].Unstructured models were used to describe the fermentative biohydrogen production from 
distillery wastewater using mixed anaerobic cultures in a batch mode. There are two main objectives of this study:  
first to enhance the biohydrogen production from distillery wastewater using iron oxide nanoparticle and effect of 
two critical parameters (COD and pH) were inspected at optimized iron oxide nanoparticle concentration. Second a 
detailed kinetic study of effect of operational parameters on RH2 and SHY was accomplished using unstructured 
kinetic models. 
 
2. Materials and method 
 
2.1. Microbial culture 
 
The anaerobic mixed culture used in this study was procured from a full scale up flow anaerobic sludge blanket 
reactor treating distillery wastewater located in Nagpur, India. A minimal medium (consisting of per litre of distilled 
water: NH4HCO3, 2 g; K2HPO4, 100 mg; MgSO4.7H2O, 100 mg: NaCl, 10 mg; Na2MoO4.2H2O, 10 mg;CaCl2.2H2O, 
10 mg; MnSO4.7H2O, 15 mg; FeCl2, 2.78 mg) was added to the solution as supplementary micronutrients for the 
growth of hydrogen producing bacteria [17].Prior to use, the mixed anaerobic culture was heated at 90oC for 15 min 
to inactivate the bioactivity of hydrogen consumers and to enrich spore forming hydrogen producing bacteria [18]. 
2.2. Iron oxide nanoparticle 
The commercially available iron oxide nanoparticle (density- 0.69 g/ml at 20o C, 0.5 % - 0.7 % as iron, particle size- 
6.5nm± 3nm) in the clear liquid form was procured from Sigma Aldrich, India, used to investigate the effect of iron 
oxide nanoparticle on the hydrogen production. Heptane and oleic acid were used as a stabilizer. 
2.3. Experimental setup for hydrogen production 
The batch hydrogen production experiments were carried out in a 125 ml serum bottles with working volume of 96 
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ml (80 ml distillery wastewater + 16 ml sludge). The characteristics of distillery wastewater used in this study are 
shown in Table 1. The solution was mixed carefully in the serum bottles and the experiments were done for five 
different initial substrate concentrations (25, 50, 75, 110 and 125 mgL-1). The solution was sparged with nitrogen 
gas to provide anaerobic condition, sealed with butyl rubber stopper and incubated under stirring condition at 200 
rpm and 37oC.  The pH was not maintained constant throughout the experiment. In the similar way, at optimized 
substrate concentration, experiments were carried out for different concentrations of iron oxide nanoparticles (10, 
50, 100, 200 mgL-1) and at different pH (5, 6 and 7). 
2.4. Experimental design and methodology 
A series of batch experiments with five different substrate concentration were performed with the initial pH 6 (pH 
was not maintained constant throughout the experiments).After optimizing the substrate concentration further batch 
experiments were conducted at different iron oxide nanoparticles concentration (10, 50, 100, 200 mgL-1) and finally 
experiments were conducted at different pH (5, 6, 7) with an optimized substrate and iron oxide nanoparticles 
concentration.  
 
Table 1.Characteristics of distillery wastewater (spent wash)  
2.5. Analytical methods 
Gas sample was collected from the head space of the serum bottle and about 250μl of the sample was injected to GC 
for analysis of hydrogen. The hydrogen gas was analyzed by GC (Model name – Clarus 500 and Make – Perkin 
Elmer). GC was equipped with a thermal conductivity detector and packed with molecular sieve column.  The 
operational temperatures at the injection port, column, oven and the detector were 75ºC, 60ºC, 220oC and 200ºC 
respectively. Nitrogen was used as the carrier gas at a flow rate of 25 ml/ min. At each given time interval, samples 
were collected and analysed for pH, COD and biomass concentration according to the standard methods [19]. The 
total volume of hydrogen produced was measured regularly by plunger displacement method [20]. All the 
experiments were conducted in triplicate and averages of the results obtained were used to do the kinetic study. 
 
3. Results and discussion 
3.1. Effect of initial substrate concentration on the hydrogen production 
The effect of initial substrate (COD) concentration was examined as it is an important cofactor for optimizing the 
hydrogen production due to its significant effects on bacterial growth and enzymatic activity [21]. In this batch 
study, for initial substrate concentrations of 25, 50, 75 110 and 125 gL-1, the cumulative biohydrogen production 
were 34, 75, 120, 229 and 137 ml respectively (Fig. 1a).A maximum % COD reduction and hydrogen content was 
obtained when initial substrate concentration was 110 gL-1 (Fig. 2a).Further increase of substrate concentration 
resulted decrease in  the hydrogen production. This might be due to the accumulation of liquid fermentation 
products at higher substrate concentrations, resulted in the over acidification of bacterial cultures and inhibition of 
Parameters Value 
pH 6 
Colour Brown 
COD (mgL-1) 1,25,000 
VFA(mgL-1) 5373 
Alkalinity(mgL-1) 9750 
Biomass (%) 0.5% 
Total solids(mgL-1) 12500 
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fermentation process [22]. Furthermore, at higher substrate concentrations, microbes convert only the limited 
fraction of soluble part of substrate due to the rate limiting steps in fermentation process like hydrolysis. 
3.2. Effect of iron oxide nanoparticle concentration on the hydrogen production 
The fermentative batch experiments were carried out at different concentration of iron oxide nanoparticles at initial 
pH 6 (without adjustment of pH) and at a favourable initial substrate concentration of 110 gL-1, in order to 
investigate the optimum concentration of iron oxide nanoparticles for the hydrogen production. Effect of iron oxide 
nanoparticle concentration on the cumulative hydrogen production is illustrated in Fig. 1b.Cumulative biohydrogen 
production reached maximum (275 ml) at iron oxide nanoparticles concentration of 50mgL-1. Higher concentration 
of iron oxide nanoparticles resulted in the decrease of biohydrogen production. Further,   the effect of iron oxide 
nanoparticles concentration was examined by investigating the % COD reduction and hydrogen content for each 
individual iron oxide nanoparticles concentration. We observed that there is a sharp increase in the % COD 
reduction and hydrogen content and then a slow decrease with the increase of iron oxide nanoparticles concentration 
(Fig. 2b), signifying that higher iron oxide nanoparticle concentration had an inhibitory effect on the hydrogen 
production, since excess of iron content is reported to inhibit the bioactivity of hydrogen producing microorganisms 
[23]. However, all the parameters determined were still higher than the blank (without iron oxide nanoparticle).It 
was inferred that 50 mgL-1 was the optimum iron oxide nanoparticles concentration for mixed culture in this study to 
degrade the distillery wastewater to produce hydrogen. 
 
3.3. Effect of pH 
 
pH is an important factor that influences the fermentative hydrogen production, and the activities of hydrogen-
producing microorganisms [24, 25]. In order to improve the hydrogen production, further experiments were carried 
out at three constant pH values (5, 6, & 7) with the favourable initial substrate concentration, 110 gL-1 and at an 
optimized iron oxide nanoparticle concentration of 50 mgL-1. The hydrogen production profiles of all batch study at 
various pH values are shown in Fig. 1c .The cumulative volume of hydrogen was lowest at the pH of 7, which 
indicated that the activity of enzyme would be at lower level for pH 7 during the fermentation process. It had been 
found that under the neutral pH condition, a significant amount of substrates were consumed by bacterial growth 
other than hydrogen production [26]. The cumulative volume of hydrogen substantially increased for pH 5 & 6 and 
it is higher at pH of 6. In addition, the maximum % COD reduction and hydrogen content was obtained at pH 6 (Fig. 
2c).Typically a pH of 5.5-6 has been reported to be ideal for hydrogen production [27-29].The results suggested that 
maximum hydrogen production, % COD reduction and hydrogen content was obtained at pH 6 (constant throughout 
the experiment), hence the optimal pH for 50 mgL-1 iron oxide nanoparticles concentration fermentative hydrogen 
producing reaction was found to be 6. Table 2 presents the hydrogen production from the different substrates as 
reported in the literature. In this batch study RH2 is higher than the most of the reported values but the hydrogen 
content (62.14) is lower than the value (66.1 %) observed in the hematite nanoparticle supplemented system for 
hydrogen production from sucrose as shown in the Table 2. 
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Fig.1. Profile of cumulative hydrogen production (ml) at different (a) initial substrate concentration: (b) iron oxide 
nanoparticle concentration: (c) pH.  
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Fig. 2. % COD reduction and hydrogen content at different (a) initial substrate concentration: (b) iron oxide 
nanoparticle concentration: (c) pH 
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Table  2. Comparison of hydrogen production in various anaerobic fermentation system. 
 
 
3.4. Kinetics of Hydrogen production 
 
Kinetic models were used to determine the effect of operational parameters on the hydrogen production rate (RH2) 
and specific hydrogen yield (SHY).The kinetic analysis of effects of initial substrate concentration on the hydrogen 
production indicated that RH2 increased with the substrate concentration up to 110 gL-1, but decreased at higher 
substrate concentration of 125 gL-1.The inhibitory effect of substrate concentration on the hydrogen production was 
well described  by Andrew’s inhibition model [30]. 
R = (Rm× S) / (Ks + S + S2 /Ki) 
Where Rm is the maximum rate of hydrogen production (ml/hr), Ks is the saturation constant (gL-1), Ki is the 
inhibition constant (g/L) and S is the initial substrate concentration in gL-1. The maximum rate of hydrogen 
production (Rm) was 17 ml/hr. The Ks and Ki were 130 and 190 gL-1 with a high correlation coefficient of 0.855 
(Fig. 3a) suggesting the adequacy of Andrew’s inhibition model in describing the inhibitory effect of initial substrate 
concentration on the hydrogen production. 
The experimental analysis has shown that SHY had a similar relationship with the substrate concentration as 
described for RH2. SHY increased at the substrate concentration of 25-110 gL-1, but decreased at higher substrate 
concentration of 125 gL-1.The authors hypothesized that high substrate concentration become inhibitory to the 
microorganisms as a result of pH drop or high hydrogen partial pressure, and thus lowered the SHY [31].According 
to the Andrew’s inhibition model as given below the SHY was plotted against the initial substrate concentration, 
with the assessed maximum SHY of 32.95 ml H2/g COD. 
SHY = (SHYm× S) / (Ks + S + S2 /Ki) 
Reactor 
type 
Substrates additive Concentration (mgL-
1) 
Range  Optimal 
studied                            
hydrogen 
production 
Hydrogen 
content 
(%) 
References 
Batch Distillery 
wastewater 
Iron oxide 
nanoparticle 
10-200 50 88 ml H2/h 62.14 This study 
Batch Sucrose Hematite 
nanoparticle 
0-1600 200 3.57 mol 
H2/mol 
sucrose 
66.1 [32] 
Batch Glucose Iron oxide 
nanoparticle 
10-6 molL-1 86 ml H2L-
1h-1 
_ [36] 
 
Batch Glucose Fe2+ 0-1500 300 30 ml/h - [37] 
Batch starch Fe2+ 1.2-100 10 3 ml/h - [38] 
Batch Starch Fe2+ 0-1473.7       55.3 296.2 ml/g 
starch 
56.9 [39] 
Batch Sucrose Fe2+ 0-1763.8       352.8 131.9 ml/g 
sucrose 
- [40] 
Batch Glucose Fe2+ 0-1500         350 311.2 ml/g 
glucose 
- [41] 
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Where, SHYm is the maximum specific hydrogen yield (ml H2/g COD), Ks is Half saturation constant (gL-1), Ki is 
inhibition constant (gL-1) and S is the initial substrate concentration in gL-1. Andrew’s inhibition model was found to 
be suitable to describe the effect of substrate concentration on the SHY with the high correlation coefficient of 
0.88(Fig. 4a).  
          
 The experimental results indicated that rate of hydrogen production increased with the iron oxide nanoparticle 
concentration in the range of 10 - 50 mgL-1, but H2 production rate decreased with the further increase of 
nanoparticles concentration (100-200 mgL-1). Kinetic analysis of the effect of iron oxide nanoparticle concentration 
on the hydrogen production rate was effectively demonstrated by Andrews’s inhibition model as indicated below: 
R = (Rm× S) / (Ks + S + S2 /Ki) 
 
Where Rm is the maximum rate of hydrogen production (ml/hr), Ks is the saturation constant (mgL-1), Ki is the 
inhibition constant (mgL-1) and S is the concentration of iron oxide nanoparticles in mgL-1.Through a non- linear 
regression between H2 production rate and iron oxide nanoparticle concentrations the values of Ks (39 mgL-1) and Ki 
(303 mgL-1) were obtained. The maximum rate of hydrogen production was 80.7 ml/hr which is much higher than 
the reported value of 10.4 ml/hr for the hematite nanoparticles concentration of 200mgL-1[32].A high correlation 
coefficient of 0.94 (Fig. 3b) suggesting the suitability of Andrew’s model in describing the inhibitory effect of iron 
oxide nanoparticles concentration on the hydrogen production. 
 
The effect of iron oxide nanoparticles concentration on the yield of hydrogen was modelled using Andrew’s 
function as shown below:  
SHY = (SHYm× S) / (Ks + S + S2 /Ki) 
          Where, Where, SHYm is the maximum specific hydrogen yield (ml H2/g COD), Ks is Half saturation constant 
(mgL-1), Ki is inhibition constant (mgL-1) and S is the iron oxide nanoparticles concentration in mgL-1. The results 
has shown that specific hydrogen yield initially increased with the iron oxide nanoparticles concentration within the 
range of 10-50 mgL-1, but decreased with the further increase in iron oxide nanoparticles concentration (100-200 
mgL-1).The maximum specific hydrogen yield 44.28ml H2/g COD was obtained. The Andrew’s inhibition model 
was found to be suitable with the high correlation coefficient of 0.98(Fig. 4b). 
The effect of pH on the rate of hydrogen production (RH2) was modelled by Michaelis- Menton function according 
to the given equation as follows [33]: 
RH2 = (Rm× [H+]) / (K1 + [H+] + [H+] 2/K2) 
 Where Rm and RH2 are maximum rate and rate of H2 production respectively, K1 and K2 are equilibrium constants 
(moleL-1). H+ is H2 ion concentration in the solution (moleL-1). 
 
The optimum pH for RH2 and SHY was calculated using equation given below [33]. 
pH = log [(K1× K2)1/2] 
Through a nonlinear regression of RH2versus H+, the equilibrium constants K1 and K2 were found to be 5.36×10-8 
and 1.06×10-5moleL-1 respectively (Fig. 3c). A high correlation coefficient of 0.97 illustrated the suitability of 
Michaelis pH function for analysis of RH2. The maximum RH2 found to be 88 ml/hr indicating the improved 
hydrogen production when pH was kept constant at 6. Based on the equation given below the optimum pH was 
found to be 6 for RH2 which is very close to the experimental value which indicates the suitability of the model 
equation to describe the RH2 as a function of pH.  
 
The effect of pH on specific hydrogen yield was modelled using Michaelis pH function as given below: 
SHY = (SHYm× [H+]) / (K1 + [H+] + [H+] 2/K2) 
Where SHYm is the maximum SHY(ml H2/g COD).Through a nonlinear regression of SHY versus [H+], the 
equilibrium constants K1 and K2 were9.42×10-8 and 1.26×10-5moleL-1respectively with the correlation coefficient of 
0.99 as shown in Fig. 4c.The optimum pH for SHY was 5.96 which is very close to the value of pH obtained for RH2. 
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Fig. 3. Kinetic analysis of effect of different operational parameters (a) initial substrate concentration: (b) iron oxide 
nanoparticle concentration: (c) pH on RH2 
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                                            (c) 
 
 
Fig. 4. Kinetic analysis of effect of different operational parameters (a) initial substrate concentration: (b) iron oxide 
nanoparticle concentration: (c) pH on SHY  
 
3.5. Kinetics of substrate utilization 
 
The kinetic analysis of substrate utilization rate was performed for different substrate concentration, iron oxide 
nanoparticles concentration and pH. Monod kinetic model was used to describe the Rsu for different initial substrate 
concentration as given below [34, 35]. 
Rsu = (k × X × S) / (Ks + S) 
Where k is maximum Rsu (g substrate/g biomass/day), X is biomass concentration (gL-1), S is the initial substrate 
concentration (gL-1), and Ks is half velocity constant (gL-1). 
Rsu has shown linear relationship with the initial substrate concentration. Through a nonlinear regression between 
(Rsu/X) and S, the values of Ks and k were 237gL-1 and 8.3g substrate/g biomass/day obtained respectively. The 
adequacy of Monod model was well indicated by the high correlation coefficient of 0.99 (Fig. 5a). 
The Rsu for different iron oxide nanoparticles concentration was modelled using the Monod kinetics as given by the 
above equation for substrate concentration. The experimental data were well fitted using the Monod model with the 
high correlation coefficient of 0.99 (Fig. 5b).Maximum Rsu obtained was 14 g substrate/g biomass/day which is 
relatively higher than the values obtained for different initial substrate concentrations (without addition of iron oxide 
nanoparticles).It was expected as iron is an essential nutrient element for the production of hydrogen producing 
microorganism. The Rsu for different pH was modeled using the Michaelis pH function as given below: 
Rsu = (Rsum× [H+]) / (K1 + [H+] + [H+] 2/K2) 
Where Rsum is the maximum Rsu (g substrate/g biomass/day). 
The Rsu was calculated at each pH value in the exponential phase (48 h). The Rsu increased with increase in pH from 
5 to 6(Fig. 5c). A non-linear regression of Rsu versus [H+] yielded the equilibrium constants K1 and K2 of 1× 10-7 and 
1× 10-5 moleL-1 respectively. Based on equation described earlier for calculating optimum pH, an optimum pH of 6 
was calculated for Rsu. The experimental results showed that although Rsu increased with pH within the range of 5–
7, the SHY and RH2 started to decrease at pH >6 (Fig. 3 & 4). It was expected that at the pH higher than 7.0, the 
unsuitable conditions for hydrogenic bacterial activities might decrease the Rsu. The correlation coefficient, R2 of 
0.99 demonstrated the suitability of Michaelis pH function to describe Rsu as a function of pH. 
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Fig. 5. Kinetic analysis of substrate utilization rate (a) at different initial substrate concentration: (b) at different iron 
oxide nanoparticle concentration (c) at different pH 
 
3.6. Kinetic analysis of microbial growth 
 
Monod kinetic model has been used to describe the relationship between specific growth rate of biomass (μ) and the 
substrate concentration (S) as follows. 
μ= (μm ×S) / (Ks + S) 
Where, μm is maximum specific growth rate (1/day).The values of  μm (0.19  day-1) and Ks (122 gL-1) were obtained 
through the nonlinear regression between μ and substrate concentration (S).The biomass growth rate increased with 
the substrate concentration, which testified the lower SHY  and RH2at higher substrate concentration. In addition the 
value of Ks indicated that half of maximum growth rate could be achieved at a substrate concentration of 122 gL-1 
suggested that substrate concentration higher than 122 gL-1 would result in a higher biomass growth rather than 
hydrogen production. The high value of correlation coefficient (0.99) suggested that Monod model can be 
effectively used to evaluate the microbial growth at different substrate concentration. 
The kinetic analysis of specific growth rate of biomass at different iron oxide nanoparticles concentration was 
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modelled using Monod kinetics. Through a nonlinear regression analysis of specific growth rate (μ) and iron oxide 
nanoparticles concentration the values of  μm and Ks  were 0.099  day-1 and 79.2 gL-1 respectively with a correlation 
coefficient of 0.99 suggesting the suitability of the model equation to describe the microbial growth rate at different 
iron oxide nanoparticle concentration. The lower value of μm for different concentration of iron oxide nanoparticle 
compared to the value of μm for different initial substrate concentration might be due to the enhancement effect of 
iron oxide nanoparticles on the hydrogen production. 
 
             (a)                                                                                                                  (b)  
 
 
 
Fig. 6. Kinetic analysis of microbial growth rate (μ) (a) at different initial substrate concentration: (b) at different 
iron oxide nanoparticle concentration. 
 
4. Conclusion 
 
 The role of initial substrate concentration, iron oxide nanoparticles concentration and pH on hydrogen production 
from distillery wastewater was well investigated in this batch study. Addition of iron oxide nanoparticles has shown 
enhancement effect on hydrogen production. The highest cumulative volume of hydrogen (380 ml), hydrogen 
content (62.14%) and % COD reduction (72.5) was obtained under the optimal conditions (initial substrate 
concentration of 110 g L-1 with nanoparticle concentration of 50 mg L-1 at pH 6).The comprehensive kinetic analysis 
of RH2, SHY, Rate of substrate utilization and biomass growth under different operational conditions (initial 
substrate concentration, iron oxide nanoparticle concentration and pH) was conducted. Kinetic analysis reveals the 
correlation between hydrogen production, substrate utilization and biomass growth. The high correlation coefficient 
indicated the suitability of the kinetic models to describe the experimental data satisfactorily. 
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